Pigs were inoculated intratracheally with a virulent or an avirulent isolate of Haemophilus pleuropneumoniae serotype 5 and sacrificed during the first 24 hours post-inoculation. Intravascular macrophages were examined by electron microscopic and morphometric techniques. Samples of lung were taken from regions with no macroscopic lesions (Zone 0), 2.5 to 3.0 cm from lesions (Zone l), and from the immediate edge of lesions (Zone 2). Those pigs inoculated with the avirulent isolate did not develop lesions. Pigs given the virulent isolate consistently developed necrohemorrhagic lesions in the dorsolateral aspect of the caudal and middle lung lobes. Relative volumes of intravascular macrophages in Zones 1 and 2 increased with increased time postinoculation; in pigs given the avirulent isolate, intravascular macrophage volume decreased with increased time post-inoculation. Cytoplasmic volume to nuclear volume ratios for macrophages in Zone 2 from pigs with necrohemorrhagic lesions progressively increased with increased time post-inoculation. Enlarged intravascular macrophages had large nuclei, prominent nucleoli, and abundant cytoplasm. Increased cytoplasmic volume was the result of increased numbers of lysosomes, phagosomes, rough and smooth endoplasmic reticulum, and large Golgi complexes. Pigs inoculated with the virulent bacteria had IV macrophages with large phagosomes that contained necrotic cell debris and fibrin. Macrophages with phagosomes were more frequent in the 6-, 9-, and 24-hour sample periods of pigs with lesions than in any other group. Intercellular adhesion plaques (ICAP) were present between IV macrophages and subjacent endothelial cells. ICAP's increased in length with increased time post-inoculation in Zones 1 and 2 from pigs with necrohemon-hagic lesions. In later sample periods, multiple closely associated and interlacing IV macrophages formed a discontinuous layer over endothelial cells in Zone 2 samples near necrohemorrhagic lesions. These results suggest that the intravascular macrophage population changes from immature macrophages to mature macrophages or immature epithelioid cells within 24 hours after inhalation of a virulent Haemophilus pleuropneumoniae. Furthermore, intravascular macrophages likely function to clear cellular and acellular debris from the blood in pneumonic conditions.
Pulmonary macrophages are abundant in the alveoli, interstitial tissues, and bronchioles. In the pig, as in several other species, a high number of macrophages are adherent to blood vessel endothelial cells of the 1ung.28,29 These intravascular (IV) macrophages have one nucleus, multiple thin pseudopodia, moderate numbers of mitochondria, moderate amounts of endoplasmic reticulum and form intercellular adhesion plaques (ICAP) with subjacent endothelial cells. These morphologic features make the IV macrophage distinct from other cell types in this region of the l~n g .~~-~O The IV macrophage has a monocytic origin and may represent an important class of fixed mononuclear phagocytes similar to Kupffer cells of the liver. 29 The origin and role of these cells in pneumonic conditions has not been demonstrated.
Intravascular macrophages phagocytize gram-negative and gram-positive bacteria and may phagocytize 7 5 percent of blood-borne bacteria circulating through the lung in sheep and pigs. 8, 9, 30, 31 Phagosomes of these macrophages contained bacteria and digested micro-bial debris. Macrophages with bacteria are hypertrophic and protrude into the capillary lumen.9 When gold and iron particles are given intravascularly to ruminants, a high percentage is cleared by pulmonary intravascular macro phage^.^^ The IV macrophage has been extensively described in the normal adult and neonatal porcine l~ng,'~-~O but few studies have described the morphological changes seen in this cell during gram-negative bacterial-induced pulmonary in-flammati~n.~ Haemophilus pleuropneumoniae induces a necrotic and hemorrhagic pneumonia in pigs similar to that caused by gram-negative aerobic bacteria in humans. 22 Acute lung lesions produced by H. pleuropneumoniae in pigs are similar to those produced by Pseudomonas aeruginosa, and chronic lesions are similar to those produced by Haemophilus influenza. 22 The purpose of the present study was (1) moniae serotype 5 infection and (2) to compare these changes to those reported for macrophages stimulated by other bacteria or foreign substances.
Materials and Methods
Sixteen 6-week-old cesarean-derived, colostrum-deprived, isolation-reared (CDCD) pigs were inoculated with a virulent (1200) or avirulent (B8) isolate of Huemophilus pleuropneumoniue serotype 5. Two pigs from each principal group were sacrificed at 3, 6, 9, and 24 hours post-inoculation (PI). Two CDCD pigs were used as sham-inoculated controls by being injected intratracheally with phosphate buffered saline (PBS). Control pigs were sacrificed within 3 hours after PBS injection and were considered to represent animals having no induced changes. One conventionally reared pig was used to examine intravascular (IV) macrophage adherence to endothelial cells.
The bacterial inoculum in both principal groups was an 18-hour broth culture which was washed twice in PBS and resuspended in PBS to a concentration of 1 x lo6 CFU/ml. Five milliliters of the bacterial suspension were percutaneously injected into the trachea of each pig. Intratracheal inoculation was done in the mid-cervical region with the pigs in dorsal recumbency, and the head was elevated approximately 15 degrees.
Lungs were fixed by intratracheal instillation at a pressure of 27 cm water with 2.5 percent glutaraldehyde buffered to pH 7.4 with 0.1 M cacodylate buffer. Lungs were divided into 1 cm saggital sections; four saggital sections were removed from regions on the immediate edge of necrohemorrhagic foci (Zone 2), four sections were removed from lung regions 2.5 to 3.0 cm away from the necrohemorrhagic foci (Zone l), and four sections were removed from regions with no macroscopic lesions that were at least 6.0 cm away from the edge of necrohemorrhagic areas (Zone 0). If no lesions were present, samples were taken in Zone 0 and from a region anatomically related to Zone 2 of a time-matched pig with necrohemorrhagic lesions. These samples were from anatomically similar zones present in time-matched pigs which had lesions ( Fig. 1 ). No samples were removed from the central necrotic regions because of poor fixative penetration into these areas. Sections were cut into 1 to 2 mm blocks with 10 to 20 blocks taken from each section. Samples were postfixed in osmium tetroxide and embedded in epon. For electron microscopic morphometry two blocks with alveolar tissue from each of the designated zones were chosen randomly by light microscopic evaluation of 1 pm toluidene blue-stained lung sections. Morphometric analysis was conducted as previously described on alveolar region only.3 Two blocks from the bronchiolar regions were chosen to determine if IV macrophages occur in blood vessels near bronchioles. Intravascular macrophages were identified by their location within blood vessels, location to and formation insert of intercellular adhesion plaque (ICAP) formation with endothelial cells, and presence of lipid droplets, coated vesicles, and vermiform micropinocyt~sis.~~ Point-counting morphometry26 was used to estimate nuclear volume to cytoplasmic volume ratios and the relative volume (volume density) changes of IV macrophages in the pulmonary alveolar unit. The pulmonary alveolar unit was considered to be the interstitial cells and matrix and blood vessels of the interalveolar septum, Type 1 and Type 2 pneumocytes, and alveolar lumen. Morphometric analysis was done using a 144-point test grid on 16 micrographs from each block at a magnification of 4,22 1 x .
The lengths of ICAP's formed between endothelial cells and IV macrophages were measured using semiautomatic computerized morphometry (Bioquant 11, R&M Biometrics) on eight micrographs from each block magnified to 17,227 x .
The pig used for adherence study was euthanized and the pulmonary artery catheterized. The pulmonary vasculature was flushed using phosphate buffered saline with 0.75 percent sodium nitrite. Fixative was instilled at a pressure of 100 mm Hg. Alveolar region samples were randomly taken from five locations in the lung. Samples were processed for electron necroscopy as described above. Interalveolar septal capillaries were examined to determine if IV macrophages remained adherent to endothelial cells.
Statistical analysis of changes in quantitated parameters over time were evaluated by linear regression analysis. Student t-tests were used to detect differences between zones at a given sampling time as well as the difference between overall zone means and controls.
Results
Necrohemorrhagic lesions were seen macroscopically in all pigs inoculated with the I200 isolate, and one pig was dead 24 hours post-inoculation. Pigs inoculated with B8 isolate or saline did not develop macroscopic lesions.
Control pigs. Morphometric results from Zones 0 and 2 were not significantly different (Tables 1-3 ). Intravascular macrophages were flat and adherent to endothelial cells of interalveolar septal capillaries by distinct intercellular adhesion plaques (ICAP) (Fig. 2 , Table 1 ). There was an average of 5.8 ICAP'shntra- 
Standard deviations are in parentheses. Slope is expressed as the change in ICAP length (Nm) per unit time (hours) and is tested statistically against the hypothesis that the slope is not greater than 0. Student t-test compares the overall mean of each zone to that of PBS values. vascular macrophage. ICAP's had a thickness which ranged from 7.4 to 15.0 nm, while the majority were 15.0 nm thick. ICAP's were usually punctate and less than 0.5 pm long (Table 1 ). Plasma membranes of both cells at ICAP sites were smooth and parallel to each other for a variable length, and cytoplasm immediately subjacent to membranes had an increased electron density ( Fig. 3 ). Subplasmalemmal linear densities ranged in thickness from 15.0 nm to 52.0 nm, while the majority were 30 nm thick. In the space between cell membranes, a moderately electron-dense amorphous material extended the distance of the ICAP. Groups of short, thin cytoplasmic projections were present on the lumenal surface, and tubular structures continuous with the interrupted glycocalyx ( Fig. 2) were present in the extracellular space between plasma membranes of adjacent projections (micropinocytosis vermifonnis). Moderate numbers of mitochondria, free ribosomes, and a few lipid globules were present in the cytoplasm. The cytocavitary network consisted primarily of rough endoplasmic reticulum. A few IV macrophages contained small lysosomes, but phagosomes were rarely present. Intravascular macrophages had an average volume density of 2.8 and a cytoplasmic to nuclear (C/N) volume ratio of 2.3 ( Table 3) . Their nuclei were frequently round, ovoid, or slightly indented. Few cells with mitotic nuclei were present, but cells with two or more nuclear profiles in the same plane of section were not seen. Few IV macrophages were seen in pulmonary venules.
Three hours post-inoculation with the B8 isolate volume densities of IV macrophages from Zone 0 and Zone 2 were significantly larger (P < 0.05) than those from controls but not those from I200 inoculated pigs ( Table 2) . Macrophages contained few lysosomes and few phagosomes. The endoplasmic reticulum and Gol- 
Standard deviations are in parentheses. Slope is expressed as the change in intravascular macrophage cytoplasmic to nuclear volume ratio per unit time (hours) and is tested statistically against the hypothesis that the slope is not greater than 0. Student t-test compares the overall mean of each zone to that of PBS values.
gi complexes were well-defined. The number of phagosomes was not different between the two zones. Nuclei had dispersed euchromatin, and the C/N ratio was similar to samples taken in other pigs from this time period (Table 3) .
At three hours post-inoculation with the I200 isolate.
The C/N ratio and volume density of IV macrophages from Zones 1 and 2 but not Zone 0 were greater than those in samples from control pigs (Tables 2, 3 ). Cytoplasmic rarefaction and vacuole formation was present in most cells with some vacuoles containing electron-lucent and others electron-dense centers. More phagosomes were in IV macrophages from Zone 2 (1.14 phagosomes/IV macrophage nucleus) than Zone 1 (0.52/nucleus) and phagosomes contained amorphous electron-dense material (Fig. 4) . Pseudopodia were long, thick, and organelle free. In Zone 2 an average of 8.5 ICAP's were present between macrophages and endothelial cells and had a mean length of 0.38 pm (Table  1 ). Neutrophil and platelet aggregates were occasionally associated with IV macrophages, and neutrophils were in the interalveolar septa and in alveoli.
At six hours post-inoculation with the B8 isolate the IV macrophage C/N ratio and volume densities in both zones were not significantly different (P > 0.05) from control values (Tables 2, 3) . Macrophage morphology was similar to that in the 3-hour post-inoculation samples.
At 6 hours post-inoculation with the I200 isolate zone 2 IV macrophages occupied more of the pulmonary alveolar unit than did those from control or Zone 1 regions ( Table 2 ). Zone 0 IV macrophages had a similar volume density as control macrophages (Table 2). The C/N ratio was larger in Zone 1 than in Zone 2, and both had a larger ratio than did IV macrophages from control pigs (Table 3) . Occasionally, multiple IV macrophages were closely associated and attenuated subjacent endothelial cells. The number of ICAP's between IV macrophages and endothelial cells in Zones 1 and 2 was similar, too, but the length was longer than those in samples taken 3 hours post-inoculation (PI) ( Table 1) . ICAP's similar to those between IV macrophages and endothelial cells, were also present between IV macrophages and other IV macrophages when the two cells were closely associated. Pseudopodia extended into the capillary lumen and between endothelial cells occasionally touching the capillary basement membrane. Few cells had the thin cytoplasmic projections that were present in control samples. Small and large lysosomes were seen in most IV macrophages. Small phagosomes, 1.1 1/IV macrophage nucleus in Zone 1 and 1.37 in Zone 2, contained heterogeneous electron-dense material and fibrin. Neutrophils, platelets, and monocytes were occasionally in contact with the IV macrophage, and moderately electron-dense glycocalyx was seen between the two cell membranes in some areas of contact.
IV macrophages were adherent to pulmonary venular endothelium in Zone 2, but few were present in Zones 1 or 0 venules. Interalveolar septa in Zone 2 were infiltrated by macrophages and neutrophils. Alveoli contained necrotic cell debris, fibrin, neutrophils, and macrophages. At 9 hours post-inoculation with the B8 isolate the volume density, C/N ratio, and ICAP length of IV macrophages were not different from control samples (Tables 1-3 ). Few macrophages contained phagosomes, but most had one or two lysosomes in the cytoplasm. Most nuclei had more euchromatin than heterochromatin, but few had nucleoli. Macrophages were structurally similar to those in control lung samples.
At nine hours post-inoculation with I200 isolate zone 2 IV macrophage volume was markedly increased, but that of Zone 1 was not greater than the IV macrophage volume in control pigs ( Table 2 ). The C/N ratio of Zone 0 was greater (P < 0.05) than that of Zones 1 and 0 lung samples ( Table 3 ). The number of ICAP's between IV macrophages and endothelial cells in Zone 2 was similar to that of control pigs, but ICAP length was approximately 3-fold greater ( Table 1 ). Groups of IV macrophages closely associated and interlacing with one another, occasionally attenuated juxtaposed endothelial cells, and formed a layer over the endothelial cells of the capillary. Capillaries were dilated and congested with erythrocytes, neutrophils, and platelets. Lipid globules, vacuoles, and lysosomes were present in most IV macrophages. Phagosomes (1.39/IV macrophage nucleus in Zone 1 and 1.78 in Zone 2) of varying sizes with fibrin, electron-dense fibrillar material or erythrocyte and neutrophil detritus were present in phagosomes of IV macrophages (Fig. 5) . IV macrophages with lysosomes were adherent to the pulmonary venular endothelium in Zone 2, but not in Zones 0 or 1. Alveoli were infiltrated by high numbers of macrophages and contained abundant cellular detritus and fibrin in Zone 2. Few bacteria were in alveoi of Zone 2, but none were in Zones 0 or 1.
At 24 hours post-inoculation with the B8 isolate IV macrophage volume densities were not different from controls (P > 0.05), but the reduction in volume density over the sampling period was statistically significant in Zones 1 and 2 samples ( Table 2 ). ICAP lengths in both zones and C/N ratios in Zone 1 were not different from controls (Tables 1, 3 ), but Zone 2 C/N ratios were significantly increased within the 24 hour sample period. Macrophages in both zones were flat, had inactive nuclei, few phagosomes or few lysosomes, and resembled those in control lung samples.
At twenty-four hours post-inoculation with the I200 isolate one pig was dead, and no samples were taken from this pig for electron microscopy. The volume and C/N ratio of IV macrophages in Zone 2 were greater (Tables 2, 3) . There was a significant increase in IV macrophage volume densities over the incubation period (Table 2 ). Enlarged cells had multiple lysosomes and phagosomes and abundant cytocavitary network. Two cross-sectional profiles of IV macrophage nuclei were in some macrophages and others had mitotic nuclei, features not in control samples. IV macrophages were closely associated with each other and subjacent endothelial cells with ICAP's between closely associated cells. Macrophages in Zone 2 formed a layer of endothelial cells in a manner similar to that present in some of the 9-hour samples (Fig. 6 ). Macrophages in both zones were frequently associated with large mononuclear cells ( Fig. 7) . ICAP number and length were greater than those in 9 hour-PI Zones 1 and 2 samples (Table 1 ). ICAP's between macrophages of Zone 2 were greater than 1.0 pm long and rarely punctate. Those in Zone 1 were usually punctate and seldom 1.0 pm long (Table 1) . Macrophages were adherent to pulmonary venular endothelium in Zones 1 and 2. Interalveolar septa and alveoli contained abundant fibrin and high numbers of macrophages in samples from Zone 2; the same regions in Zone 1 had few inflammatory cells and no fibrin. Many bacteria were in alveoli of Zone 2, but no bacteria were in Zones 0 and 1 alveoli.
After the IV macrophage adherence study, no blood was present in pulmonary arteries, veins, or interalveolar septal capillaries. Intravascular macrophages were in dilated capillary lumens and attached at multiple sites by ICAP's to endothelial cells. Most attach-ment sites consisted of ICAP's similar to those of IV macrophages in control and infected pigs. Multiple long delicate cytoplasmic projections were within dilated septal capillaries. Remaining IV macrophage morphology was similar to that of PBS control pigs (Figs.
Discussion
Intravascular (IV) macrophages accumulate near areas of inflammation and necrosis. Although alveolar macrophages have been classically considered the principal phagocytic cell of the lung, the IV macrophage also appears to be significant in the pig15 and several other species. 17,20,21,25 Accumulation of IV macrophages seemingly depends on disease processes occurring in the lung, type of bacteria, or route of bacterial exposure. These cells responded to the presence of the avirulent B8 isolate but persisted and increased in size or number only in pigs which developed lesions (I200 group). One study has reported that bacteria given intravenously are cleared by the pulmonary IV macrophage in pigs.7 Although bacteria were not seen in IV macrophage phagosomes, fibrin and cell detritus were abundant, suggesting this macrophage also serves to clear damaged, senescent, or dying cells from the blood.
Intravascular macrophage maturation from an immature macrophage to a mature macrophage or immature epithelioid cell occurred within a few hours after inhalation of a virulent isolate of H. pleuropneumoniae. Intravascular macrophages in pigs with necrohemorrhagc lesions had features consistent with mature macrophages and immature epithelioid cells' 8, 9). (i.e., they were hypertrophic, had a high C/N ratio, contained many lysosomes, and were tightly interdigitated with one another, and had active nuclei). The results suggest the IV macrophage has a rapid rate of maturation when compared to that reported for other blood derived rna~rophages.~,'~ Using bacillus of Calmette-Guerin to induce granulomas in guinea pigs, immature macrophages were shown to become mature macrophages after 4 days, and immature epithelioid cells, after 16 days.' The maturation rate of IV macrophages stimulated by Haernophilus pleuropneumoniae more closely resembles that in granulomas induced in guinea pigs by Mycobacteriurn tuberculosis. In mycobacterial-induced granulomas, immature macrophages became mature macrophages within 48 hours, and immature epithelioid cells after 4 days. Some of the differences in the maturation rate of macrophages between these studies and the present study may be the result of differences in species studied, organ location, or the fact that H. pleuropneumoniae does not induce a granulomatous response in swine. Furthermore, IV macrophages in inflamed lungs may be derived from in situ mitosis28 or other pulmonary macrophages. Thus, the short time of maturation may be explained if IV macrophages were from existing activated cell population(s).
The time for IV macrophage stimulation appears to parallel that of the alveolar macrophage. Alveolar macrophages in rats, cats, and hamsters were stimulated within 4 hours after exposure to various inhaled part i c l e~.~ Although these studies were with inert particles and the present study was with a gram-negative bacteria, the maturation process of IV macrophages and alveolar macrophages appears to be similar. Furthermore, these two macrophages are functionally similar since isolated alveolar and IV macrophages have sim-ilar activity in antibody-dependent cell-mediated cytotoxicity (Bertram, unpublished data) . Cytoplasmic granules are a characteristic feature of alveolar mac-~ophages,~' and these structures contain lysozyme, cathepsins, ribonucleases, and phospholipases.6.12J8, 22 An increase of lysosomal hydrolases is characteristic for mature ma~rophages.~J~ The digested debris in phagosomes suggests similar enzymes are in the IV macrophage and that phagolysosome fusion had occurred in these cells.
The present study supports the concept that mature macrophages are capable of returning to a less mature form ("dedifferentiation") after the inciting agent is destroyed.2 IV macrophages in B8-inoculated pig lungs were larger and had more organelles than those in control pigs. Macrophages in 6-, 9-, and 24-hour samples had returned to normal volume and structure once the agent was removed and no lesions had developed. In contrast, IV macrophages near necrohemmorrhagic lesions (Zones 1 and 2) of 1200-inoculated pigs went on to become immature epithelioid cells. Once maturation of the mononuclear phagocyte has occurred, there will be persistence of this state of activity as long as the inciting agent is p r e~e n t .~,~~ Whether the changes in macrophage morphology seen in this study represent continuous events occurring in the same cell population or resulted from a change in macrophage population was not determined.
Necrotic cell debris, products of inflammation, and endotoxin likely contributed to the maturation and continued stimulation of IV macrophages in 1200-inoculated pigs. Endotoxin can lead to the generation of complement fragments (C,,), and both can cause macrophage ~timulation.~J~ Necrotic cell debris is likely a significant stimulus for IV macrophage maturation since Zone 2 macrophages were close to necrotic areas. This response of IV macrophages to pulmonary inflammation and necrotic tissue is similar to that of the Kuppfer cell in hepatic inflammation and necrosis.32
Pigs in this study did not have antibody to H. pleuropneumoniae, and lymphocyte infiltration was not a characteristic feature of the lesion so it is unlikely that early IV macrophage stimulation resulted from immunologic mechanisms.
Intercellular adhesion plaques (ICAP) between IV macrophages and endothelial cells may allow hypertrophied macrophages to resist the force of the bypassing blood. Endothelial cell-IV macrophage contact increased with IV macrophage hypertrophy, and ICAP length was increased in zones near necrohemorrhagic lesions with increasing time post-inoculation. Furthermore, the in vivo adherence study demonstrated IV macrophages were not easily removed from subjacent endothelial cells and that they were attached by ICAP's similar to those seen in control pig lungs. The ICAP resembles paired subplasmalemmal linear densities (SPLD) which are seen in pulmonary mononuclear phagocytes. 16 Like the paired SPLD, ICAP's are composed of two distinct but parallel plasma membranes separated by an intercellular space which contains an electron-dense material, have a variable length, and have linear densities subjacent to the plasma membrane. Unlike the paired SPLD, ICAP's are paired between two different cell types and have a thin intercellular space (1 5 to 20 nm compared to 50 to 80 nm). The thickness of the intercellular space is similar to that of zonulae adherentes,IO but these zonulae are seldom longer than 0.5 pm and generally form a belt around the junction-forming cells. Both the zonulae adherentes and paired SPLD junctions function in adherence and cellular immobilization. 1 0~1 1~L 6 Membrane specializations similar to ICAP's are seen between Kupffer cells and endothelial cells ("close junction")24 and endothelial cells and other endothelial cells ("junctional complexes" or "punctum adherens").'l The membrane specializations between Kupffer cells and endothelial cells are considered a means for Kupffer cells to resist the force of sinusoidal blood flow.
